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Towards global interoperability for supporting biodiversity research on essential biodiversity variables (EBVs) Introduction Global climate change, habitat loss, human appropriation of natural resources and the spread of pathogenic, exotic and domestic plants and animals are major challenges for humanity because these processes alter the functioning of ecosystems and their ability to provide human society with the goods and services needed to prosper (Cardinale et al. 2012; Naeem, Duffy, and Zavaleta 2012) . The taxonomic, phylogenetic, genetic and functional diversity of nature therefore plays a crucial role for understanding and securing ecosystem processes and services, including food, biomaterials, biofuels, pollination, pest control, genetic resources, cultural values and many others. Yet, biodiversity is declining rapidly, with global and local extinctions and widespread population declines. These declines are driven by many factors, including land use change, climate change and eutrophication. Most of these factors have been pushed beyond the 'safe operating space' for global societal development and tipping points may soon be reached (Steffen et al. 2015) . The urgency of this matter is recognised by the Parties to the United Nations (UN) Convention on Biological Diversity (CBD) who have established the Aichi targets for 2020 (http://www.cbd.int/sp/elements/de fault.shtml). The 20 Aichi targets have the mission to take effective and urgent action to halt the loss of biodiversity to ensure resilient ecosystems that provide the essential services, thereby securing the planet's variety of life and human well-being. Despite this clear mission, however, it remains unclear how specific variables or aggregated indicators of biodiversity and ecosystem change can be developed and applied globally to evaluate the accomplishment of the Aichi targets by 2020 (Geijzendorffer et al. forthcoming; Mace et al. 2010; Metzger et al. 2013; Scholes et al. 2012; Tittensor et al. 2014) .
The concept of essential biodiversity variables (EBVs) has been introduced by the Group on Earth Observations Biodiversity Observation Network (GEO BON) with the aim to identify key measurements that are required to study, report and manage biodiversity change (Pereira et al. 2013) . EBVs are considered to provide a tractable and holistic approach to monitoring the state of biodiversity and are conceptually located between the primary data observations at the one end and the aggregated biodiversity indicators or final synthesis indices at the other end (Pereira et al. 2013) . Hence, EBVs could form the basis of a comprehensive worldwide monitoring network (Schmeller et al. 2015) and might be crucial for the robust estimation and derivation of indicators to assess progress towards the Aichi targets (Geijzendorffer et al. forthcoming; Pereira et al. 2013) . A total of 22 EBVs have been proposed by GEO BON within six EBV classes (i.e. genetic composition, species populations, species traits, community composition, ecosystem functioning and ecosystem structure) (https://www.earthobservations.org/geobon_ebv. shtml). These EBVs cover multidimensional aspects of biodiversity, including genetic diversity of selected wild and domestic species, population abundances of representative species, three-dimensional habitat structures, nutrient retention rates in sensitive ecosystems and many others. EBVs further allow to facilitate the harmonisation of existing monitoring schemes and to guide the implementation of new monitoring schemes worldwide. However, a key question is how the multi-lateral cooperation of data collectors, data providers, monitoring schemes and biodiversity research infrastructures can be achieved at the global level to support the uniform implementation of EBVs.
Here, we introduce GLOBIS-B (GLOBal Infrastructures for Supporting Biodiversity research), an EUfunded project supported by the Horizon 2020 research and innovation framework programme of the European Commission under the coordination and support action funding scheme (www.globis-b.eu). GLOBIS-B aims to facilitate and advance the global cooperation of worldclass research infrastructures (e.g. from Australia, USA, Brazil, China, South Africa, Europe) with a focus on targeted services to address frontier research on quantifying and measuring EBVs. The project is centred around the required species-level biodiversity data and the collaboration among biodiversity research infrastructures (Figure 1 ). The project brings together top biodiversity scientists with global research infrastructure operators and legal interoperability experts to address the research needs and infrastructure services underpinning the concept of EBVs. A key goal is to develop a research and infrastructure agenda for computing EBVs globally and to identify whether and how it is possible to calculate, analyse, visualise and interpret EBVs for any place, at any time, with any relevant data, and by any person. The project will organise several integrated scientific and technical workshops to identify (1) the required primary data, data standards, analysis tools, methodologies, etc., (2) legal and technical bottlenecks and (3) possibilities for enhancing the multi-lateral cooperation of research infrastructures and biodiversity scientists to support global research on EBVs. Here, we outline the major challenges for implementing EBVs globally as well as how GLOBIS-B aims to address them.
Major challenges for the global implementation of EBVs
The calculation of EBVs requires several components, including (1) the availability of biodiversity data at relevant spatial, temporal and topical scales; (2) appropriate analytical tools and services for calculating, analysing, visualising and interpreting EBVs; and (3) the interoperability of existing biodiversity research infrastructures for integrating biodiversity data and for continuously calculating EBVs on-demand (Geijzendorffer et al. forthcoming; Hoffmann et al. 2014; Schmeller et al. 2015) . First, biodiversity data for the calculation of EBVs need to become available and be discovered, e.g. from biodiversity and Earth observation realms and their data portals (Pereira et al. 2013) . This includes remote sensing data (and derived products such as land cover maps), taxonomic backbone data (e.g. nomenclatorial data), genetic and genomics data (e.g. DNA barcodes), long-term observational data from monitoring programmes or biodiversity observatories (e.g. presence-absence, abundance, species interactions, etc.), specimen data from scientific collections and information on functional and ecological traits (Hobern et al. 2013; Hoffmann et al. 2014; Schmeller et al. 2015) . Second, tools and services for EBV calculation, analysis, visualisation and interpretation are needed. This includes semantic approaches and ontologies for data integration and interoperability, methods for data presentation and data visualisation, scientific workflow systems for calculation, analysis and modelling and other ecoinformatics approaches such as up-scaling and down-scaling of biodiversity information and methods for modelling data collection processes (e.g. Azaele et al. 2015; De Giovanni et al. Forthcoming; Hobern et al. 2013; Isaac et al. 2014; Jones et al. 2006; Kunin 1998; Mathew et al. 2014; Schmeller et al. 2015) . Third, biodiversity information management has to be integrated globally so that research infrastructures are interlinked and interoperable in both technical and legal terms. This includes free accessibility of data and analysis tools (open access), standardisation and automation in data management and sharing and automated userfriendly processing pipelines (e.g. virtual laboratories) (Hardisty, Roberts, and The Biodiversity Informatics Community 2013; Hobern et al. 2013; Veen et al. 2012; Vicario, Hardisty, and Haitas 2011) . Hence, for the worldwide uniform implementation of EBVs, biodiversity scientists and research infrastructure operators have to cooperate globally to facilitate the interoperability of data and associated processing tools.
Major challenges for the global implementation of EBVs can be grouped into two broad classes: scientific and technical challenges. The scientific challenges are related to the EBV concept, i.e. how are specific EBVs exactly defined; which biodiversity data are needed and available and where; how can relevant data be accessed and how can EBVs be calculated; what are relevant spatial, temporal and topical scales; and how sensitive are EBVs to variations in underlying data? This requires identification of which data can be realistically collected and how (data acquisition), how publishing and accessibility of data can be increased (mobilisation, discovery, open access) and which common (standardised) protocols (methods) are needed for measuring data and calculating EBVs (e.g. standardised data exchange formats). Central to these questions are the spatial, temporal and topical scales. Is it possible and useful to calculate EBVs for any geographic area (local or global, fine-grained or coarse) and how can data be combined from different spatial resolutions and extents? Which temporal resolution of data sampling (i.e. frequency of observations) is needed to calculate a specific EBV, and how and where is it feasible (e.g. which kind of sampling, which methods, how to involve citizen scientists, etc.)? What is the appropriate ecological scale to calculate EBVs, e.g. does any species assemblage, ecosystem or biome give essential information, and is it possible to generalise EBVs over different regions and ecosystems (where and where not)? Answering these questions requires solid background and experience in sampling, handling and analysing biodiversity data, typically the realm of ecologists and biologists working with different species and ecosystems (marine, terrestrial, aerial), ideally in different regions (e.g. arctic, temperate zone, tropics, etc.). Moreover, an undoubtedly non-trivial issue is the substantial differences that exist between the visible and the microbial world. This needs to be carefully addressed, especially in light of the currently increasing contribution of metagenomics research to biodiversity discovery (Gilbert and Dupont 2011; Simon and Daniel 2011) . For instance, the species concept is very elusive for the microbial world, where the strain/isolate definition might be more practically helpful to allow exhaustive description of phenotypic features (Ahn, Chai, and Pan 2014; Caro-Quintero and Konstantinidis 2012) . This can be potentially addressed through specific and progressively advanced molecular methods such as DNA barcoding and metagenomics (Gilbert and Dupont 2011; Kress et al. 2015; Shokralla et al. 2014; Simon and Daniel 2011) .
A second set of challenges is of a technical nature. Implementing EBVs requires the global cooperation of biodiversity research infrastructures to serve comparable data sets and analytical capabilities, implying their interoperability. This presents challenges for both information technology (IT) and legal aspects. The IT challenge requires interoperability of the biodiversity data infrastructures, data standards and targeted attention for standardised and widely accepted protocols (workflows) capable of being executed in any research infrastructure, and from anywhere in the world. This will Figure 1 . Terms used in the scientific part of the GLOBIS-B research proposal. Font size is proportional to how often the words appear in the source text. The words 'research', 'project' and 'scientific' were removed before creating the word cloud because they are typical for all research proposals and therefore not suitable to characterise the unique content of this specific proposal. The figure was created with Wordle (http://www.wordle.net/). enable the effective reuse of ecological data in a userfriendly manner (Veen et al. 2012) . Prerequisites are standardisation of data, metadata and data sharing (e.g. data repositories); automation of analytical tools (e.g. automated processing pipelines); and appropriate software packages (Hardisty, Roberts, and The Biodiversity Informatics Community 2013; Vicario, Hardisty, and Haitas 2011) . The other challenge is related to legal interoperability, conditional for the automatic processing of data as supported by 'machine-machine' interactions across political and institutional boundaries (Hosking, Gahegan, and Dobbie 2014) . This is often difficult due to varying provenance of authorship and ownership of data and requires the identification of legal and policy bottlenecks. Comparing mutual agreements between research infrastructures and data providers may avoid potential problems with respect to sharing of data and resources, re-licensing of services and adoption of open/ public access principles. Such topics are addressed internationally by the Research Data Alliance and its RDA-CODATA legal interoperability interest group (https://rd-alliance.org/group/rdacodata-legal-interoperabil ity-ig.html), but issues specific to EBV-relevant biodiversity data need to be assessed separately.
How GLOBIS-B addresses these major challenges
The GLOBIS-B project aims to address these major challenges outlined above. In the following, the general structure, the scientific content and workshops and the expected impact and global outreach of GLOBIS-B will be outlined.
General structure of GLOBIS-B
GLOBIS-B will be built around six project partners and 12 biodiversity research infrastructures (Table 1) . The six project partners cover expertise in ecology, biodiversity science, Earth observation systems, genomics, bioinformatics, cloud computing, workflow development and legal aspects. In addition, the 12 cooperating research infrastructures are focussing on data mobilisation and on knowledge production. They are located in Europe, the United States of America, China, South Africa, Australia and Brazil, and some have a global mission (e.g. GBIF, WDCM and GEO BON, see Table 1 ). Hence, the involved research infrastructures complement each other in terms of geographic scope and provided services (Figure 2 ). The objective of GLOBIS-B is to facilitate the multi-lateral cooperation among these research infrastructures with the aim to advance the implementation of EBVs. This includes to: (1) specify users' requirements for extracting, handling, visualising and analysing the required biodiversity data; (2) identify where these research infrastructures can enhance existing capabilities or develop new ones; (3) agree on realistic solutions for supporting user requirements so that the research infrastructures can offer targeted services to calculate selected EBVs; (4) draw up best practices for infrastructure support; and (5) address legal implications with respect to licensing, intellectual property rights, and sharing of resources.
To achieve this, GLOBIS-B is organised in five work packages (WPs) of which two (WP1 and WP5) are related to administrative issues and three (WP2-4) to the scientific and technical content (Figure 3 ). WP1 (coordination and management) is mainly responsible to ensure the project's milestones; to link together the project components; and to maintain communication with the European Commission. WP2 (with focus on user requirements) is responsible to scientifically prepare and guide the planned workshops; to synthesise existing biodiversity research on EBVs; to summarise and publish workshop outputs; and to foster international cooperation of biodiversity scientists and research infrastructure operators. WP3 (data and technical services for infrastructure delivery) is responsible for the technical aspects of the workshop, i.e. those parts relevant for biodiversity informaticians and technologists of the cooperating research infrastructures; and for identifying common pertinent services that can support scientific work on EBVs (i.e. specification of end-to-end scientific workflows for preparing/calculating EBV values). WP4 (policy and legal aspects) mainly aims to analyse and evaluate legal interoperability issues that relate to the selected EBVs. Finally, WP5 (dissemination and workshop organisation) is the project's prime outreach mechanism being responsible for the involvement of cooperating biodiversity research infrastructures, the practical organisation of the planned workshops and for informing relevant stakeholders and communities about the developing plans.
Scientific content and workshops of GLOBIS-B
The general scientific content of GLOBIS-B is centred on EBVs and the required biodiversity data and support from research infrastructures (Figure 1) . Out of the many meanings of biodiversity -including biotic variation from the level of genes to ecosystems (Purvis and Hector 2000) as well as taxonomic, functional and phylogenetic aspects (Naeem, Duffy, and Zavaleta 2012) -the GLOBIS-B project will mainly focus on the species level (Figure 1 ). This includes taking into account the above mentioned specificities in the case of microorganisms for which the species concept is not always tractable (Ahn, Chai, and Pan 2014; Caro-Quintero and Konstantinidis 2012) . In particular, focus is put on data related to species distributions and abundances, species traits, and species interactions (Figure 1 ). This is justified because biodiversity is organised in complex networks of interacting species with different traits (e.g. pollinators and plants, predators and prey, etc.) , and understanding and predicting these network dynamics remains one of the great challenges (e.g. Bascompte 2009; Blois et al. 2013; Kissling and Schleuning 2015; Lonsdorf et al. 2009 ). Although digital information on the spatial distribution of species (e.g. via GBIF, http://www.gbif.org/) is increasingly available, we still lack comprehensive, well-organised and easily accessible knowledge about species traits and species interactions. However, there are many ongoing efforts on collecting species traits Figure 2 . Characterisation of the biodiversity research infrastructures which cooperate in the GLOBIS-B project. Research infrastructures differ in their geographic scope (y-axis) and their focus on data mobilisation vs. knowledge production (x-axis). The figure is a modified and updated version from the roadmap document produced by the project CReATIVE-B (http://cre ative-b.eu/documents). (e.g. Kattge et al. 2011; Kissling et al. 2014; Naeem and Bunker 2009) (Poelen, Simons, and Mungall 2014) , but the limited availability of data for modelling species interactions across large spatial scales remains a challenge (e.g. Blois et al. 2013; Kissling et al. 2012; Morales-Castilla et al. 2015; Wisz et al. 2013 ). This lack of knowledge is severely constraining our ability to predict the consequences of climate change and other perturbations which impact biodiversity and human well-being. The scientific content of GLOBIS-B will be addressed in four workshops focussing on three EBV topics (Figure 4) . Workshop 1 and 2 will focus on species distributions and abundances (EBV class 'Species populations'). This includes species distributional data (e.g. observations, point and transect counts, camera trapping, etc.) from monitoring programmes, systematic inventory schemes and citizen science initiatives (Schmeller et al. 2015) . It also includes molecular biodiversity data (e.g. barcoding, meta-barcoding and metagenomic approaches based on next-generation sequencing technologies and bioinformatic data analysis) which increasingly allow species or strain identification at a high rate and accuracy, even in the most remote and extreme ecosystems (Gilbert and Dupont 2011; Kress et al. 2015; Shokralla et al. 2014; Simon and Daniel 2011) . Workshop 3 will be centred on the EBV class 'Species traits' which can include phenology, plant functional traits, animal body mass, natal dispersal distances or migratory behaviour (Pereira et al. 2013) . Finally, workshop 4 will focus on the EBV 'Species interactions' (EBV class 'Community composition') which can include changes in empirical estimates of interaction strengths (Berlow et al. 2004; Vazquez, Morris, and Jordano 2005; Wootton and Emmerson 2005) or more complex data from ecological networks (Ings et al. 2009 ). In addition, molecular methods could be potentially useful to measure biodiversity changes in predatorprey interactions (incl. invasive predators) and food webs (e.g. collecting and analysing data from guts and droppings), host-symbiont interactions (e.g. genetic, taxonomic and functional analysis of microorganisms which show symbiotic interactions in selected parts of the body or droppings of a host) or interactions among microorganisms (e.g. taxonomic and functional correlations among multiple symbionts in the same host species). Overall, the different EBVs were selected to represent different challenges, maturity levels and data availabilities. More specifically, the three types of data related to EBVs represent an increasing level of complexity for biodiversity monitoring and for developing the supporting research infrastructures, with potential implications for the legal interoperability at the supra-national and global scale.
The four workshops (Figure 4 ) will allow for an interaction between research needs and potential infrastructure service development. The key aim is to sort out how the global cooperation of research infrastructures can facilitate scientific work on improving knowledge and understanding of EBVs, as well as their applicability for assessing progress towards the Aichi targets for 2020 of the CBD. This starts with the options and problems to deliver biodiversity data at appropriate spatial and temporal scales for EBV calculation, and the associated provisions for research infrastructures to support the generation and calculation of EBVs. To achieve this goal, the workshops will bring together ecologists and biodiversity scientists, biodiversity informaticians and infrastructure operators and legal interoperability experts (Figure 4 ). This will allow to: (1) design and propose an international cooperation network to facilitate interoperable research infrastructures and harmonised observation systems supporting biodiversity monitoring and the measurement of EBVs; (2) identify initiatives, data portals and research infrastructures that aim at storing, disseminating and processing of EBV-relevant data on species populations, species traits, and species interactions; (3) identify missing data and services as well as possibilities for co-financing of existing research infrastructures; (4) identify challenges and limitations for sharing, reciprocal use, and openness of data; (5) Figure 4 . Overview of proposed workshops to discuss and develop the implementation of essential biodiversity variables (EBVs) among different participant groups (ecologists and biodiversity scientists, biodiversity informaticians and infrastructure operators and legal interoperability experts). curation, and for the sharing of interoperable datasets; and (6) enhance existing capabilities and facilitate future development of cross-disciplinary computational tools and standardised protocols (workflows) for merging, disseminating, and sharing EBV-relevant data, and running calculations and analyses with it.
Impact and global outreach
The main expected impact of the GLOBIS-B project is an enhanced global infrastructure support for calculating EBVs and assessing progress towards the Aichi targets for 2020 of the CBD. More specifically, GLOBIS-B aims to contribute to the future agenda for biodiversity research by reaching out to three major target audiences. The first target audience is the international biodiversity research infrastructure community. GLOBIS-B benefits from the network of cooperating global research infrastructures (Table 1) as brought together by the preceding project 'CReATIVE-B' (http://creative-b.eu/). This ensures the outreach to major research infrastructure communities in the world, including their informatics specialists. The second target audience is the biodiversity scientific community. GLOBIS-B will invite key scientists with expert knowledge in the environmental sciences, ecology, biodiversity, monitoring and global change to ensure that biodiversity science is centrally positioned in the workshops. These participants can cover different domains (land, freshwater, marine) and various taxa (vertebrates, plants, invertebrates, microbes, etc.) . The third target audience are major international policy bodies such as the CBD and IPBES. GLOBIS-B aims to directly approach these major global policy bodies and also reach out to more specific initiatives like the Research Data Alliance (RDA) and the International Conference on Research Infrastructures (ICRI). Additional links and collaborations will also be developed to other relevant projects (e.g. EU BON; http://www.eubon. eu/).
Conclusions
Above we presented the major components of GLOBIS-B, an ambitious project aiming to facilitate multi-lateral cooperation of biodiversity research infrastructures for advancing the implementation of EBVs worldwide. This global cooperation is meant to underpin the assessment of progress towards the Aichi targets for 2020 of the CBD. While there are many biodiversity data, monitoring programmes, and research infrastructures worldwide, there remain enormous challenges for the use, integration and processing of the relevant large data sets across institutional and national boundaries. The GLOBIS-B project aims to contribute to advance this field by bringing together research infrastructure operators with a user community of top scientists to address the challenge of testing and calculating EBVs. This will ultimately allow us to better predict and monitor the ongoing and future changes that are happening in our biosphere.
